On the characteristics of rotavirus
Rotavirus spreads easily especially among infants. In fact, 95% of children worldwide are infected by the time they reach age 5 with peak incidence occurring between ages 4 months and 36 months [34] . CDC epidemiologist Umesh Parashar reported at an international meeting on the epidemiology of the rotavirus held in Mexico City (2004) that rotavirus was detected in 60% of stool samples from children hospitalized with severe diarrhea in Vietnam; 41 % in China; 56% in Myanmar; and 29% in Hong Kong ( [36] and [37] ). In the United States, approximately 2.7 million children under 5 years of age are infected by rotavirus each year, resulting in 500,000 visits to physicians and 50,000 hospitalizations per year. The estimated direct cost of medical care is about $274 million per year in the U.S. alone ( [35] and [44] ). In Peru, for example, the total medical care costs directly linked to rotavirus infections are estimated to be around $2.6 million (U.S.) a year [55] , an amount that includes the costs associated with 64,000 clinic visits and 30,000 hospitalizations per year. A study presented at the European Society for the Study and Prevention of Infant Death (ESPID) quantified the burden associated with rotavirus disease in the new European Union (EU). Their estimates used a model recently developed by the U.S. Centers for Disease Control and Prevention (CDC). The EU managed to obtain country specific estimates of rotavirus levels of infections in each of its 25 member states ( [46] and [50] ). These estimates revealed nearly 4.5 million episodes of rotaviral disease among the 24 million children under 5 years in the EU ( [46] and [50] ).
The dynamics of rotavirus infections are not "straight forward". In fact, geographically driven seasonal patterns seem to be prevalent in some regions of world. In moderate climates, rotavirus diarrhea occurs predominantly during the fall and winter. Peak rotavirus activity in the United States begins in the Southwest in autumn (October through December) with an epidemic "wave" that ends in the Northeast in the spring (March through May) [42] . Although the reason for this pattern is unknown, a high correlation between latitude and the timing / magnitude of rotavirus infection outbreaks have been identified [12] . Seasonality is less marked in tropical settings and in developing countries [12] . The predominant mode of rotavirus transmission is fecal-oral [34] . It spreads through respiratory secretions and person-to-person contact. The incubation period for rotavirus disease is approximately 2 days and its symptoms including vomiting and watery diarrhea usually last for 3 -8 days. Although immunity after infection is temporary, subsequent infections tend to be less severe than the original infection. Contaminated environmental surfaces have also been identified as possible mechanism for infections but high rates of infections among infants younger than three years old have been identified regardless of sanitary conditions [34] . That is, rotavirus transmission rates seem unaffected by improvements in sanitation and hygiene. The cost of treatment is an issue as many countries in the developing world (575 million children under age five) often do not have the resources to provide life-saving intravenous treatment to rehydrate children with severe rotavirus diarrhea [54] .
Rotavirus has seven major groups (A-G) while most human strains belong to group A [34] . Of the group A serotypes, at least ten G and eight P serotypes of human rotavirus have been characterized [34] . Among 80 theoretically possible different strains of rotavirus four common strains (P [8] G1; P [8] G3; P [8] G4; and P [4] G2) dominate globally [34] .
In Section 2 we introduce a simple model that includes infants protected by maternal antibodies, vaccinated children (after effective breast-feeding ends), and seasonality in transmission rates. In the absence of seasonality, the basic reproductive ratio is computed and interpreted. Section 3 reports on fitting a vaccine-free model with seasonal transmission to the data and exploration of the role of vaccination. In order to consider the impact of cost in the implementation of a vaccine program in Section 4 we briefly review what is known about the implementation and development of rotavirus vaccine. In Section 5 the model of Section 3 is expanded to include the possibility of various vaccine schemes. In Section 6, a concept of optimal vaccination is reviewed in the context of an age-structured population and a brief summary of prior recent results ( [40] ) is presented. Finally in Section 7 we revisit the results presented here and outline possible future directions of research.
Model with seasonality and the role of maternal antibodies
A simple model is introduced in order to test the role of maternal antibodies both theoretically and through simulations. The model (see Figure 1 ) includes breast-feeding (M (t)), susceptible (S(t)), latently infected (L(t)), infectious (I(t)) and temporarily recovered (R(t)) classes. It is assumed that the total population, N = M + S + L + I + R, is constant. This is appropriate since demographic changes and rotavirus-induced mortality are negligible under the temporal scale consideration.
Although there are several studies supporting the role of maternal antibodies in protecting infants against rotavirus infections there are some conflicting data concerning this issue [31] . Several studies indicate that breast-feeding protects against symptomatic rotavirus infection ( [11] , [28] and [29] ). Also some state that breast-feeding reduces the severity of symptoms although rotavirus infection occurs in breast-fed children ( [3] , [11] , [16] and [18] ). Others conclude that breast-feeding has a protective effect especially among newborns ( [4] , [9] , [14] , [22] and [43] ). Furthermore it is shown that rotavirus infections are uncommon in the first months of life among intensively breast-fed infants and that infection rates increase with age and reach maximal values around the six to eighteen month age period [27] . In this paper we assume the protectional role of maternal antibodies provided by breast-feeding. Therefore the infection rate among infants who are breast-fed is assumed to be reduced by factor ξ where 0 < ξ < 1 over a short window in time. In fact, it is assumed that only the proportion q of newborns per unit time (µN ) is breast-fed with an average effective immune period to rotavirus infection (due to breast-feeding) of 1/ρ. The average life span of an individual is 1/µ. The total death rate (µ(M + S + L + I + R)) is assumed to be equal to total birth rate (µN ); 1/(α + µ) is the average effective latent period; 1/(γ + µ) is the average effective infectious period; β is the transmission rate per infective; and I/N is the proportion of contacts between susceptibles and infectives, that is, random mixing is assumed. Finally β is assumed to depend on the season and consequently, it is modeled by β(t) = β 0 [1 + β 1 cos(2π(t − τ ))] where β 0 gives the mean transmission rate, β 1 its amplitude and τ the lag-associated with seasonal transmission. Using these definitions, assumptions and Figure 1 we arrive at the following non-autonomous nonlinear system that models the transmission dynamics of rotavirus infections in a homogeneously mixing population: 1) where
When β = β 0 and β 1 ≡ 0, that is, in the absence of seasonality, the reproductive number can be easily computed. We get
with the basic reproductive ratio being given ℜ 0 = ℜ(0, 0). ℜ 0 is the number of secondary infections generated by a typical infectious individual in a population of primarily susceptible individuals. Since our model considers breast feeding as a "control" mechanism then That is, ℜ 0 is the product of the (non-seasonal) transmission rate, the effective infectious period ( 1 γ+µ ) and the proportion of latently infected ( α α+µ ) individuals progressing towards the infectious stage. Breast-feeding, as modeled by q, plays the role of a "temporarily effective vaccine" given at birth to the proportion q of newborns (a model involving neonatal vaccines under development is given in Section 5). It can be shown that if ℜ(q, ρ) < 1 then the disease-free equilibrium is stable while if ℜ(q, ρ) > 1 then it is unstable. Consequently, rotavirus infections disappear if ℜ(q, ρ) < 1 but persist when ℜ(q, ρ) > 1. We observe that although breast feeding is unlikely to control the disease (current situation), it is capable of reducing rotavirus' disease prevalence (long-term dynamics).
With reasonable and best-fit parameters (from Section 3) we can get a rough estimation of the current replacement ratio calculated at oscillatory endemic steady state as 1.0348. A value near one would be expected since the disease is "endemic". That is, a replacement number around 1 should be in operation. Nevertheless it is "surprising" to arrive to such a close estimate via a general estimation procedure.
Ideally, the estimation of ℜ 0 would require rotavirus invasion data on a population where prior rotavirus infections and breast-feeding have not been experienced. Fortunately some rough alternatives are available. Theoreticians have arrived at various estimates. The simplest is given by (2.3)
where A is the mean age at first-infection and W is the average "life-span" of an individual. Formulae that include more detailed population characteristics have been computed in [5] .
From the study conducted in [45] which focuses on the reinfections of infants, we gathered the following data: 67 % of children become infected with rotavirus by age one and 96 % by age two. Assuming that most infections in children are generated by other children (humans may play the role of "vectors"), we can roughly conclude that the average time spent ("life-span") by children in environments where there is a high risk of infections is only a few years (possibly three). The above data suggest that the average age of the first infection is less than one. Consequently Eq. (2.3) roughly suggests that 2 < ℜ 0 < 5 in a population of infants.
The rotavirus-infection population data used in this manuscript are from Australia. The data do not come from a census but rather from a sample and extrapolation [6] . An approximate "representative" sample of rotavirus-positive specimens was collected and the sample data extrapolated to generate a national scale data [6] . The seasonal peaks in Victoria (eastern Australia) generally occurred regularly in the months of July to September. Researchers used a regression model on the monthly incidence of hospital admission for acute gastroenteritis in children under five years of age in Victoria during the period 1993-96. Their model made the following assumptions: (i) rotavirus is the only major cause of childhood gastroenteritis admissions that exhibits significant seasonal variation; and (ii) the total number of hospital admissions due to rotavirus in Victoria is a constant multiple of the number recorded in sample hospitals. Thus, total admissions per month were expressed as the sum of a constant number (representing non-rotavirus causes) and varying numbers of rotavirus admissions. The resulting linear regression model for the number of admissions per month in selective Australian states was used to estimate the proportion of hospital admissions for acute gastroenteritis resulting from rotavirus infections in Victoria.
In order to better understand their results, we describe their regression model [6] . N i denotes the number of total acute gastroenteritis admissions in Victoria in month i; n i the number of' "rotavirus-positive" admissions in the participating hospital(s) in month i; ζ the monthly number of admissions in Victoria not caused by rotavirus; η a scaling factor relating the number of "rotavirus-positive" admissions in the whole State of Victoria to that in the sample of hospitals; and ε i is used to denote random measurement error [6] . Their regression model is
Carlin et al. ( [6] ) used ordinary least squares to estimate η on the understanding that its value would be underestimated by this model due to the lack of perfect correlation between rotavirus incidence recorded at index hospitals and total rotavirus infections (at all hospitals) in Victoria.
Although we have used the rescaled data in [6] , we believe that since most infections take place among infants under five years old a weighted re-scaling that heavily favors impact on younger children was probably more appropriate. However, our goal here is not to make specific predictions but rather to illustrate the role of epidemiological models in the evaluation of the relative impact of various vaccine regimes.
Parameter Estimation
In this section we fit the model solution to data from Victoria in Australia. The data set is limited and the number of model parameters large. However the goal is to estimate only some of the parameters that best fit the data to gain additional insights on the epidemic process. Some parameter estimates will be used as "baseline" model estimates and used to conduct a preliminary study on the potential impact of a rotavirus vaccine on disease prevalence.
The model parameters θ = (ρ, β 0 , β 1 , δ, γ, τ ) (θ ∈ ℜ p with p = 6 in this case) are fitted to the monthly incidence number of rotavirus cases in Victoria ( [6] ) via a least-square fit of model solutions. We use the computer program (MATLAB, The MathWorks, Inc.) using initial conditions for the parameters in the intervals: 0.002 < ρ < 0.2 (about 97% of all breast-feeding duration in Australia fall in this range [53]), 0 < β 0 < 1, 0 < β 1 < 1 (so that force of infection is always nonnegative), 0 < δ < 1, 130 < τ < 150 (to consider seasonal pattern in Victoria), 0.1 < γ < 0.5 (recovery period is known as approximately five days indicating γ ≈ 0.2). Multiple fitting is carried out using selected values of ξ, all around 0.4 as this seems to be an accepted value, that is, 40% protection is conferred by breastfeeding during the first year of life [36] . There also seems to be strong evidence that about 50% of breast-fed babies under six months are fully-protected from rotavirus infections [36] .
Our n scalar longitudinal observations (time series of number of infective individuals) are
where f (t j , θ 0 ) is a numerical solution of the fourth equation in System (2.1) and θ 0 is a "set" of theoretical "true" parameter values (assumed to exist in a standard statistical approach). We assume for our statistical model of the observation or measurement process (3.1) that the errors ǫ j , j = 1, 2, . . . , n, are independent identically distributed (i.i. We estimate parameters using an OLS (ordinary least squares) approach. Thus we seek to use the observations {I j } with the model to seekθ that minimizes
Since I j is a random variable, we have that the estimatorθ OLS is also a random variable with a distribution called the sampling distribution. Knowledge of this sampling distribution provides uncertainty information (e.g., standard errors) for the numerical values ofθ obtained using a specific data set (i.e., a realization of {I j }) when minimizing J(θ).
Under reasonable assumptions on smoothness and regularity (the smoothness requirements for model solutions are readily verified for our example; the regularity requirements involve, among others, conditions on how the observations are taken as sample size increases, i.e., n → ∞), the standard nonlinear regression approximation theory ( [15] , [17] , [23] , and Chapter 12 of [39] ) for asymptotic (as n → ∞) distributions can be invoked. This theory yields that the sampling distributionθ(Y ) for the estimateθ, where
is the n × p sensitivity matrix with elements
That is, for n large the sampling distribution approximately satisfies:
The elements of the matrix χ = (χ jk ) can be estimated using the forward difference
where h k is a p-vector with nonzero entry in only the k th component, or using sensitivity equations (see [2] and the references therein). For our efforts here we chose the forward difference approach. Since θ 0 , σ 0 are not known, we must approximate
For this we follow standard practice and use the approximation
whereθ is the parameter estimate obtained, and
Standard errors to be used in confidence interval calculations are thus given by
In the estimation procedure for θ = (ρ, β 0 , β 1 , δ, γ, τ ), we fixed selected parameters to acceptable values: α = 0.5, q = 0.876 [53] and µ = 3.9139e − 05. The least square method was implemented and the best estimates for θ as well as their associated 95% confidence intervals (see Table 1 and Figure 2 ) were obtained using the Victoria data. Since we only have data over a four-year period corresponding to n = 49, we do not pursue further statistical analyses. The parameters obtained are used to test the impact of control measures like vaccinations or increasing breast-feeding numerically given that the disease is endemic. Again, we observe that goal here is not to make specific predictions but rather to explore the impact of various policies within a "realistic" setting.
On the vaccine of rotavirus

The world
, s first rotavirus vaccine, RotaShield, was licensed for use in the United States in 1998. From clinical trials conducted in the United States, Finland, and Venezuela, researchers estimated its efficacy to be between 80 and 100% at preventing severe rotavirus diarrhea [13] . No statistically significant serious adverse effects were reported during trials [13] .
However in 1999 the U.S. Centers for Disease Control and Prevention (CDC) established an association between RotaShield and a potentially fatal bowel obstruction, called intussusception [37] . This association resulted in the withdrawal of RotaShield from the market in 1999 [25] . The CDC, in cooperation with the Food and Drug Administration (FDA), the National Institutes of Health (NIH), and Public Health Service officials, along with the recommendation of Wyeth-Lederle, The cost-benefit analysis within U.S. and the strong association between rhesus rotavirus tetravalent (RRV-TV) vaccination and intussusception did support the withdrawal of RotaShield [32] . However such cost-benefit analyses may lead to different conclusions in countries where children have more than 12 episodes of diarrhea per year and relatively high mortality rates [55] . A rotavirus vaccine in such a setting may save the lives of about 500,000 children annually through its ability to prevent the worst cases of diarrheal disease among infants. In other words, cost-benefit analyses for developed countries may not be applicable elsewhere. Now we have some new vaccines that are available or under development. The vaccine Rotarix licensed to GlaxoSmithKline (GSK) was introduced in Mexico in 2004. Rotarix is derived from a single strain of human rotavirus (G1, P [8] ) [36] . It is a live attenuated vaccine given in two oral doses [36] . GSK conducted clinical trials on over 9,400 subjects during Phase I and II of their clinical trials in the U.S., Latin America, and Europe [36] . De Vos reported ( [36] ) that "Rotarix has about 73% efficacy against any rotavirus induced gastroenteritis and up to 90% against severe rotavirus infections". De Vos noted that "the rates of vaccine take (indicated by the strength of the immune response) did vary as a function of the age of the first vaccination" [36] . Rotarix will be given orally, in two doses at 2 and 4 months of age before maternal antibody protection is lost. Rotarix is reported to have a considerably higher incidence of low grade fever as a side effect when compared to RotTeq [47] . There is no diarrhea or vomiting associated with Rotarix and a calcium carbonate buffer in Rotarix protects the attenuated virus from inactivation by stomach acids [47] . A monovalent vaccine approach such as Rotarix is based on the fact that recurrent infections with rotavirus confer immunity against subsequent severe infections [48] .
It is known that initial antibody response to rotavirus infection is serotype specific while subsequent infections are expected to protect against future infections by other serotypes ( [1] , [24] and [48] ).
There is another vaccine candidate. RotaTeq, an attenuated live oral vaccine, which is scheduled to be administered in three doses is also being introduced into the world markets. RotaTeq is a pentavalent bovine-human vaccine that contains five antigens: G1, G2, G3, G4, and P1 [33] . The vaccine is administered orally beginning at age 2 months, with one to two months intervals between doses [33] . The five RotaTeq strains account for over 80% of rotavirus generated disease worldwide [36] . Clinical trials show that the vaccine efficacy of RotaTeq is approximately 75% against rotavirus disease, regardless of severity or serotype, and 100% against severe rotavirus disease [33] . Some researchers found the stool rotavirus IgA response to be an indication of an increased immune response generated by the three doses of RotaTeq [49] .
There are some advantages in the use of a multivalent vaccine. Clark and Offit ( [10] ) note that "Using the analogy with influenza virus, optimum protection against different serotypes may require a vaccine that is precisely homologous in antigen composition and if so, Rotateq would provide protection against the most common serotype PlaG1 because it includes both Pla and G1 rotavirus reassortants". In the same context, RotaTeq is expected to provide superior protection against G2, G3, and G4 wild-type viruses [10] , [30] . Clark and Offit ( [10] ) added that "Confronting a serotype that was not G1, G2, G3, or G4, a Rotateq preparation containing a WC3 reassortant expressing the new G serotype could be formulated readily".
There are neonatal vaccines under development and studies in Australia and in India have shown that exposure to neonatal rotavirus strains confers protection against severe diarrhea in future infections [36] . Phase I and II clinical trials of a neonatal vaccine being conducted in Australia have documented a 46% immune response in infants. This response has been associated with 56% efficacy against rotavirus infections among the same individuals the following winter [36] . A mathematical model that includes the application of a neonatal vaccine is presented in Section 5.
An extended model with vaccination
The world health community believes that vaccines offer the best hope for protection against rotavirus infections [54] . Naturally acquired rotavirus infections provide protection against disease in a variety of ways including maternal antibodies. The search for a vaccine policy that will provide the most cost-effective way to stop rotavirus infections consequently, is of interest around the world [54] . The data from Australia exhibits strong seasonality trends and the possibility of "innovative" strategies such as the use of pulse vaccination perhaps should be considered (see [41] ).
The study led by Dr. Bishop showed that children who experienced neonatal rotavirus infections were significantly less likely to experience a severe rotavirus infections over the next three years [36] . Motivated by the potential efficacy of a neonatal vaccine, the model of Section 2 is modified to include a vaccinated class, V (t) that includes all individuals who are vaccinated immediately after birth. It is assumed that the vaccine is applied only to the proportion λ of non breast-fed newborns ((1 − q)µN ) per unit time and that the vaccine effectiveness wanes after an average period of 1/ǫ. It is further assumed that infants who are neither breastfed nor vaccinated enter directly the susceptible class and that vaccination provides 100% protection until it wanes.
One could also consider another type of vaccine such as Rotarix (available in Mexico since July 2004). This vaccine will be given to infants at two months and four months of age. In order to account for this possibility in a rather crude way, we may consider vaccinating (with Rotarix) individuals from susceptible class at the rate φ (see Figure 3) . System (2.1) is modified as in Figure 3 to include two types of vaccination described above. The resulting model is given by the following system:
where First we consider the neonatal vaccine alone, that is, let φ = 0. Under the assumption of β = β 0 , that is, β 1 ≡ 0, the reproductive ratio under the controls (λ and q) is given by:
that is,
In order to see the potential impact of neonatal vaccination on reducing the prevalence of rotavirus infections, expression (5.2) is plotted as a function of λ and q (see Figure 4) . Model (5.1) with φ = 0 has also been simulated as λ varies using the base line parameter estimated in Section 3 (see Figure 5 ). Figure 4 shows that Figure 4 . Reproductive ratio using neonatal vaccination rate (λ) and breast-feeding rate (q) using two months of breast-feeding duration.The place ℜ(λ, q) = 1 is shown for comparison. the use of a neonatal vaccine and breast-feeding have stronger impact on reducing the reproductive ratio than the neonatal vaccine alone. Since breast-feeding rate in Australia (87.6%) is already "high", applying a neonatal vaccine may be somewhat helpful.
We now consider a model for a vaccine that is given after birth (like Rotarix or RotaTeq [36] ). The vaccine will be given to infants at two months and four months of age but this level of detail is not included in our model. In order to account for such vaccine policy in a rather crude way, we use Model (5.1) with λ = 0. This model does not keep track of repeated vaccination but we suspect that the results will change minimally (see [8] for impact of re-vaccination using measles as an example). Nevertheless, we expect to explore this further but in the context of an age-structured model. The reproductive ratio under the control (φ and q) is given by:
In order to see the potential impact of vaccination on reducing the prevalence of rotavirus infections, expression (5.4) is plotted as φ and ρ vary (see Figure 6 ). From Figure 6 one can note that this vaccine has a stronger impact (on reducing the basic reproductive ratio) than breast-feeding. The use of vaccine brings the possibility of ℜ(φ, q) below one. In other words, a post breast-feeding vaccine seems more effective at controlling rotavirus disease than a neonatal vaccine (see Figure 4 and 6) . Furthermore, the time required to bring down rotavirus disease from the population under consideration is shorter when using post breast-feeding than when using neonatal vaccines (Fig 5 and 7) . The above results assume that the best-fit parameter values are the same as those that operated where a rotavirus infection was first introduced in Victoria, Australia. Of course, this is not the case in general. The values used correspond to an endemic rotavirus situation, that is, a situation where not all the individuals are susceptible. However, the fact that primary rotavirus infection occurs mostly on infants means that our estimates (or underestimates) are probably not too far off from the "real" values. Again, the main objective here is to explore various control scenarios on available data and not to make specific predictions. Consequently, our approach while not entirely rigorous illustrates the relative impact of various control measures on rotavirus transmission dynamics. Breast−feeding rate Vaccine rate Reproductive ratio Figure 6 . Reproductive ratio using post-breast feeding vaccination rate (φ) and breast-feeding rate (q) using two months of breast-feeding duration. The place ℜ(φ, q) = 1 is shown for comparison. Table 1 .
Age-structured model
The high correlation between age and rotavirus incidence and prevalence is well known. In fact, since natural rotavirus infections confer protection against subsequent infections, adults are known to have lower prevalence of rotavirus infections. Furthermore, in general, each new infection tends to reduce the severity of diarrhea [45] . Mothers with antibodies due to prior infections protect their breast-fed infants against their first infections. The infection rate of infants younger than 6 months of age is much lower than that of those with ages in the 6 to 24 month range [26] . Early studies of rotavirus immunity have found that incomplete natural immunity is acquired from prior infections. Here, it is assumed that in general treated or recovered individuals can become re-infected while infants are assumed to be totally protected by maternal antibodies while they are being breast-fed. Writing a model with all these elements is possible and desirable particularly if the goal is to explore the heterogeneous impact that a rotavirus vaccine is likely to have or even the remote possibility of applying two distinct vaccines (neonatal and post-breast feeding vaccines) on the same population. There are additional issues and cost is one of them. Unfortunately, there is limited theoretical work on cost and epidemics. Here, a summary of some recent work on "optimal" vaccination strategies for agestructured populations is provided in order to bring this issue within the context of this volume [40] .
In order to explain the approach an age-structured framework is introduced. The population is divided into six age-dependent classes: infants who breast-feed, susceptible, latent, infectious, recovered and vaccinated. M (t, a), S(t, a), L(t, a), I(t, a), J(t, a) and R(t, a) denote their respective age densities. Using the parameters in Table 2 , the following age-structured model can be formulated: Λ birth rate (assumed constant) q the proportion of infants who breast-feed (assumed constant) ρ the constant per capita rate of departure from the breast-feeding class into the susceptible class µ(a) the age-specific per-capita natural death rate β(a) the age-specific probability of becoming infected per contact (with an infectious individuals) c(a) the age-specific per-capita contact/activity rate φ(a) the per-capita rate at which susceptible individuals are vaccinated δ the reductions in risk from prior exposure to a rotavirus (0 ≤ σ ≤ 1) ǫ the reductions in risk from a vaccine (0 ≤ δ ≤ 1) α the per-capita rate of progression from the latent to the infectious class γ the per-capita recovery rate p(t, a, a ′ ) the probability that an individual of age a has contact with an individual of age a ′ given that he has contact with a member of population Table 2 . The definition of parameters
After some calculation that we do not present here (see [40] for more details) the reproductive number under vaccination policy φ(a), breast-feeding q, and average rate of antibody immunity loss ρ is defined as ℜ(φ, q, ρ) where
The goal associated with the use of this model is that of finding the policy, that is, the triple (φ(a) : a ∈ [o, ∞), q, ρ) that generates some "optimal" benefit. Here, we follow the work in ( [7] , [19] , [38] ) which implicitly assumes that reductions in prevalence are directly linked to reductions in ℜ(φ, q, ρ). It is assumed that q and ρ are fixed.
The goal is to find the function φ that minimizes ℜ(φ, q, ρ) in some sense. Following the approach described in ( [19] ) the functional F (φ, a, ρ) = ℜ(0, q, ρ) − ℜ(φ, q, ρ) is minimized under specific conditions. If one lets C(φ, q, ρ) denote the total cost associated with the implementation of vaccination strategy (φ, q, ρ) then under the assumption that such a cost function is a linear function of φ, we formulate and solve the following optimization problems (q and ρ are fixed) [40] :
(I) Find a vaccination strategy (φ(a), q, ρ) that minimizes C(φ, q, ρ) under constraint that ℜ(φ, q, ρ) ≤ ℜ * , (II)Find a vaccination strategy (φ(a), q, ρ) that minimizes ℜ(φ, q, ρ) under constraint that C(φ, q, ρ) ≤ C * , where ℜ * and C * have pre-specified constant values. Using the transformation,
the optimization problems become linear in ψ ( [19] ). The results that we obtained are ( [7] , [20] , [40] ): There are two possible optimal vaccination strategies for Problem (I).
(i) one-age strategy, that is, vaccinate the susceptible population at exactly age Ω or (ii) two-age strategy, that is, vaccinate a fraction of the susceptible population at age Ω 1 and a second fraction of susceptible at age Ω 2 where Ω 1 and Ω 2 are functions of q and ρ.
For a two-age strategy, Ω 1 and Ω 2 can be found by minimizing the expression
which is the cost function of optimal ages Ω 1 and Ω 1 . (See [40] for definitions of ω and Z(Ω i ), i = 1, 2.) For problem (II), a similar result is obtained. In general, these conclusions state that the most cost-effective way of vaccinating a population is to have a program that vaccinates them at a discrete (small) number of age classes. The specific ages depend on the cost function.
Conclusion
The first rotavirus vaccine was withdrawn due to its sufficient correlation with intussusception in October 1999. Now we have two promising vaccines; Rotarix (by GlaxoSmithKline) available in Mexico City and Rotateq (by Merck) and awaiting approval of the Food and Drug Administration (FDA) for use in the U.S. Rotarix by GlaxoSmithKline gained its approval for use in Mexico in July 2004. It has already filed for market approval in more than 20 countries plus additional ones in Europe (in 2004) and there are plans to launch it in additional countries in Latin American and Asia. Merck hopes to get approval for its vaccine, RotaTeq in the U.S. In order to prove its safety, Merck conducted a rotavirus efficacy and safety trial (called REST) of RotaTeq on more than 70,000 children in the U.S. and in some European countries ( [21] , [36] ).
We now have advanced vaccines that are close to their implementations. However, several issues still need to be considered, particularly related to their implementation in poor countries. Vaccines efficacy trials must consider the "quality of maternal antibodies" which differ from population to population, country-specific breast-feeding rates, and the possibility of infection with multiple enteric viruses in (South African) infants [36] . In this paper we investigated the role of maternal antibodies on the dynamics of rotavirus infections and provided a platform that allows a rough comparison of the impact of two policies (vaccination and breast-feeding).
In developing countries these issues are particulary important when polio enters in the equation. Dr. Timo Vesikari stated in the sixth international rotavirus symposium [36] that the oral polio vaccine (OPV) suppresses uptake of the rotavirus vaccine so co-administration of rotavirus vaccine with OPV needs to be avoided (given the fact that polio is still a serious threat, particularly in Africa).
Rotavirus exhibits a seasonal pattern. Thus the timing of vaccine can be critical and the use of pulse vaccination may hold some promise (see [41] ). In the sixth International Rotavirus Symposium in Mexico Bishop noted that "widespread infections in newborns appears to reduce the prevalence of severe diarrhea in young children in the surrounding communities" [36] . In this paper we considered two possible vaccination strategies. Model (5.1) describes the role of neonatal vaccines (under development) which is based on strains of rotavirus that enter newborn nurseries in hospitals [36] . Using model (5.1) and simulations, we demonstrated the potential impact of neonatal vaccines and their effectiveness is compared to that of the maternal antibodies conferred by breast-feeding. Model (5.1) with λ = 0 was used to study the potential impact of future vaccines such as RotaTeq and Rotarix. Seasonal patterns of rotavirus infections were considered. Different impacts of breast-feeding duration and vaccination rate on reproductive ratio were compared. Our studies also concluded that a regular (after-birth) vaccine is more effective in controlling rotavirus diseases than a neonatal vaccine.
Finally, it is clear that we can easily formulate models that accommodate two types of vaccines (neonatal and regular). Model results suggest that their joint use would be most effective in reducing rotavirus prevalence. However, whether or not such implementation is feasible on biological, risk or economic terms needs to be examined. The benefits of breast-feeding are substantial in multiple ways, hence post-breast feeding vaccines such as Rotarix and RotaTeq have an advantage in the sense that they can be applied to infants after breast-feeding so their impact can be combined.
With this work we hope to increase our understanding of rotavirus infections as the world proceeds with the implementation and development of rotavirus vaccines. The models proposed here can be expanded to incorporate multiple doses of oral vaccines and decreasing rates of subsequent infections. Making clear and accurate connections between geographic and seasonal patterns of rotavirus infections may be critical to our efforts to reduce disease burden.
